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1. SCOPE

The scope of this document is to collect the thermal conductance test results for the gluing of specimens that
represent the gluing between AMS-02 zenith radiator skins and the internal condenser tubes.

The main aim of the test is to measure the gluing thermal conductivity per unit length, and verify the stability of this
measured value after a deep cooling at cryogenic temperature, provided by bathing the test samples in liquid N,, at
a temperature of -196°C (Cold Shock Test, in the following CSTest).

2. DOCUMENTS
21 APPLICABLE DOCUMENTS

Document ID Iss/Rev.

AMSTCS-PR-CGS- 10/01/2008 | Thermal behaviour of gluing between zenith
004 radiator skins and internal condenser tubes test
procedure

2.2 REFERENCE DOCUMENTS

Document ID Iss/Rev. Date

AMSTCS-MI-CGS-011 Issue 1 21/01/2008 | Minute of meeting — Riunione per la valutazione
dei risultati degli incollagggi
2 | AMSTCS-MI-CGS-015 Issue 1 10/03/2008 | Minute of meeting — Riunione per la definizione
della produzione del radiatore Zenith di AMS

3. ACRONYMS

C.l. Configuration Item. Also called Part Number (P/N)
CGS  Carlo Gavazzi Space

NA Not Applicable

P/N Part Number. Also called Configuration Item C.I.
PA Product Assurance

PVS Procedure Variation Sheet

QA Quality Assurance

S/N Serial Number

uuT Unit Under Test
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4. PARTICIPANTS REQUIRED
41 GENERAL

All test will be performed under QA surveillance in accordance with, and following detailed procedure of applicable
PA Plan. Start of the Test shall be notified to Prime Contractor and/or Customer as applicable.

4.2 RESPONSIBILITY

The technical responsibility for testing and test results is up to the Engineering department.

QA is responsible for ensuring that all the agreed procedures are carefully observed, that test equipment and
instrumentation used during testing is calibrated and within validity date: that the test data sheets are recorded in
the Test Report and signed by the operators and QA witnesses, that all non conforming condition and test results

are properly documented and notified to the Prime Contractor, and that all requirements of applicable PA Plan,
specification and Statement of Work pertaining to the acceptance tests, are fully satisfied.

4.3 QA WITNESS OF TEST AND SIGN-OFF

QA inspector, or its delegate, shall witness the tests described in this procedure in accordance to the requirement
specified in the applicable PA Plans.

44 NON CONFORMANCE AND FAILURES

Any malfunction/defect which occurs during the test will be processed along the Non Conformance Procedure
described in the applicable PA Plans.

4.5 CALIBRATION REQUIREMENTS

All instruments used for testing shall be calibrated.

Evidence of certification shall be provided by a label attached to the instruments itself, showing the calibration date,
the expiring date and the signature of the operator.
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5. TEST EQUIPMENT AND CONFIGURATION
5.1  GLUING THERMAL CONDUCTANCE TEST

Tubes for specimens are supplied by Arotubi (Al 3003/3103 — internal diameter 3mm external diameter 4mm).
Plates are supplied by Politecnico di Milano.

The glue used is MASTERBOND EP21TDC-2LO, a two component thermally conductive epoxy resin, widely used
in aerospace applications (See ANNEX B for datasheets).

The whole gluing process has taken place (gluing and curing in a vacuum bag at room temperature at 20°C for 48
hours) at the facility of Politecnico di Milano.

Politecnico di Milano has provided CGS a detailed gluing/curing process procedure (approved by CGS before
process), that is attached to this procedure (see ANNEX A).

After the supply and testing of the first 4 specimens (numbered from 1 to 4), some gluing defects have been
observed, which have generated a loss of performance during the thermal test (begin the specimen gluing unable to
withstand mechanical loads during setup preparation, and possibly thermo-elastic loads during CSTest). The de-
bonding of the tube from the plate has been observed in some location, particularly in correspondence of the tube
inlets and outlets on the plate. (see also next figures)

Because of this, in agreement with Politecnico di Milano, the gluing process procedure has been improved and a
new gluing procedure has been issued (see RD1 and annex A).
6 new specimens (numbered from 5 to 10 have been glued with this updated procedure.

in the figure below some details of the gluing are shown. In the left picture specimen 2 (first gluing process used) is
shown. In the right one, specimen 5 (modified gluing process used) is shown. Specimen 5 shows a more uniform
gluing and no failure.

Fig. 1 — Detail of gluing processes according to original (left) and upgraded (right) procedures

The test equipment layout is shown in the figure below: electrical resistance and thermocouples positions are
shown.

Ten pair of thermocouples (named T(2n)-T(2n+1)) are used to measure the difference of temperature between the
tube and the plate. The two thermocouples have been positioned as close as possible to each other (see figure
below), one on the tube surface and one on the plate. Thermocouples have been fixed to the plate and the tube
using kapton adhesive tape.

Questo documento contiene informazioni di proprieta di CARLO GAVAZZ| SPACE SpA. Tutti i diritti sono riservati.
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Fig. 2 — Detail of thermocouples position on the tube and the plate

Thermocouples have been positioned on the plates and the tubes following sketch on annex 3, but in some cases a
little change of position has been foreseen in order to avoid the thermocou
was present (which would have made the thermocouples being too much distant from the junction point with the

tube).

Fig. 3 — Test specimen layout

ples to be placed where too much glue
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RO1-1Q ROZ2- 10 RO3- 10

RO6 - 1Q R05-10Q

Fig. 4 - Electrical scheme

Two different test with a fixed power of approximately 12 and 24W " have been performed; electrical power has been
provided by the 6 electric resistors sunk to the plate (See Fig. 4 for details), in turn heating water flowing at a
constant mass flow rate in the tube from a temperature T,, to a temperature Tou- An insulation layer of polystyrene
has been used to minimize heat losses to local environment. To ensure a good insulation from local environment a
50mm (at least) insulating has be used to cover the whole test equipment (see Fig. 5 for details)

Fig. 5 - Insulation

Water flow in the tube is provided using a tank at a higher level of the plate. At tube exit a flow meter measure
effective water flow rate, then a tube leads the water to an exhaust tank.

6 resistances of 1ohm 8.5V@1.4A=12W / 12.2@V-2.00A = 24W
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Fig. 6 — Test setup — flowmeter

The effective heat flux per unit length from base to the water flow (and so through the glue) is given by:

m ol

/

4

mCp(T, —T )
q., =

Where 11 is the mass flow rate, Cp is the air specific heat, and ly is the tube length. The thermocouple that measure
Tin and Tout are placed respectively in the inlet and in the exhaust tube.
Thermal conductivity per unit length is given by:

q ef

I Z(TJHH - TZH)

L A

=

g

Where the denominator is the average difference between plate and tube temperature (T,, and Ty, are the
temperature read from thermocouples respectively on the tube and on the plate). In order to verify the repeatability
of the test 6 different measurement will be used.

5.2 DEEP COOLING IN LIQUID N,

The deep cooling has been performed bathing the test samples in liquid N, for 8 hours.

A basin made by polyurethane foam and wood has been realized to provide the needed level of liquid N, for
specimens bathing.

This phase has been taken place at Politecnico di Milano. Further details will be given when test results will be
shown.

Questo documento contiene informazioni di proprieta di CARLO GAVAZZ| SPACE SpA. Tutti i diritti sono riservati.
All information contained in this document are property of CARLO GAVAZZ| SPACE SpA. All right reserved.




- Doons  AMSTCS-RP-CGS-004
AMS02 - TCS

Ediz.: 1 Data: 16-05-2008

v Issue: Date:
THERMAL BEHAVIOUR OF GLUING BETWEEN ZENITH | pagina di
CARLO GAVAZZI SPACE SpA | RADIATOR SKINS AND INTERNAL CONDENSER TUBES TEST | paoe 13 of 4
REPORT

Fig. 7 — Wood/polyurethane box with specimens inside the LN2

Liquid N; is at a constant temperature of -196°C, so provided a 30% colder environment than the worst zenith
radiator life condition (approximately -150°C during 1SS power outage).

A constant control of the liquid N; level (and refill if needed) is needed because of the N, evaporation. A polystyrene
float indicator is used to control the nitrogen level. During the test 1cm/hr evaporation rate has been observed.

5.3

TEST SUCCESS CRITERIA

The test will be consider successful when:

4z
2-

3-
4-

The test is correctly performed according to the step by step procedure in the following sections.

The measured average thermal conductance of each specimen does not fall below 5W/K per unit length
(meter).

The specimen do not show any de-bonding or other degradation due to the liquid nitrogen bath

The specimen do not show any degradation when the thermal conductance per unit length is re-measured
after the LN2 bath (apart from typical values scattering due to measurement uncertainties, of the order of
20%)
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6. INSTRUMENTATION AND TEST EQUIPMENT

The complete list of the instrumentation used during the test shall be recorded in table 7.-1.
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7. TEST PROCEDURE VARIATION SHEET

In case that for any reason the test procedure has to be changed, the change shall be described in a Procedure
Variation Sheet (PVS) as shown in the next page.

The PVS shall contain:

- Reference to the test procedure to be changed
- Reference to the relevant test, procedure page and paragraph
- Description of the change, possibly in the form was. .. is... ..

- Reason for change

- Test Engineer, QA, Test conductor signatures and dates
- Customer signature and date (when required).

Each PVS shall be identified by a reference number provided in sequential order.

All the generated PVS shall be collected in a dedicated section of the Test Report.
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PROCEDURE VARIATION SHEET ref. N°:
Test Procedure Ref : | Page Revised: J Paragraph Revised:

Description of Change:

Gluing procedure changed (see annex B for details) after first 4 specimens. 6 new specimens
glued with updated procedure.

Added further LN2 bath and conductance measurement.

Reason for Change:
Debonding and gluing failure observed after first thermal test on the first 4 specimens

Performance decreasing have been observed, further investigation seems to be necessary

CONCURRENCE
TestC /". - QA ‘System Eng. Customer
Ce7 |
Date [g,-&5- of Date ‘Date ‘ Date
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8. TEST DATA SHEETS

The step-by-step procedure sheets are provided in the following pages.
For each test sample, the same procedure is to be redone after the deep cooling process, in order to compare the
two results.

8.1 DATA SHEETS FILLING UP
The following fields of the data sheets:

- UUT DATA (including Model, Item, C.1., S/N)
- Measured value

shall be filled up during the test performances and shall be part of the Test Report together with photographs,
sketches, etc. eventually useful to document the test execution/result.

Remarks field shall be used as a minimum to provide, where appropriate, reference to NCRs and PVS.
Test Report reference data shall be added in the relevant field.

Each data sheet (including the attachments) shall be certified by QA stamp and signature together with the Test
Conductor signature and date.
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9. TEST DATA

In the following section all test data for each specimen and test are presented. The following table summarized the
performing test: each test is identified with an ID number like NXY where N is the specimen number, X identified the
LN2 bath after which the test has been performed and Y identified the test performed (A = 12W applied, B = 24W
applied).

Tab 9-1 - Tests performed

A B C D E F G H I J
— afttlar aftgr aftgr afttﬁr afttfhar afttﬁ:r aft!ﬁr aftgr aftﬁr
Specime LN2 s 2" 3" 4 5 6 7 8 9
nib bath | bath | bath | bath | bath | bath | bath | bath | bath | bath
LN2 bath NA - - - - - - - - -
1 duration
Typeoftesr(AAB_J-_-__-__-_-____-_
or B)
LNZ2 bath NA - - - - - - - = -
2 duration
Type of test (A A}B I B I _’- = | =
or B)
LN2 bath NA 8hr - - - - - - - -
3 duration
Type of test (A A{B AJB sf|w| = w|lalelallel=T- .’_ -] -
or B)
LN2 bath NA 8hr - - - - - - -
4 duration
Typeoftest(AA’BAB--_-_-___-____-_
or B)
LN2 bath NA 8hr 8hr 1hr thr 1hr 1hr 1hr 1hr 1hr
5 duration
Type of test (A A!B AJBAB - |- B[-[-[-T- ’ -1 - -’B
orB)
LN2 bath NA 8hr 8hr Thr 1hr 1hr 1hr 1hr Thr 1hr
6 duration
Typeoffesf(AABA‘BAB- - B-r- -] - ' - - —‘B
or B)
LNZ2 bath NA 8hr Thr 1hr Thr 1hr thr 1hr 1hr 1hr
7 duration
Typeoffest(AABAB_-___-_‘_____-_-B
or B)
LN2 bath NA 8hr 1hr 1hr 1hr 1hr 1hr 1hr 1hr Thr
8 duration
Typeofﬂ‘esr(AABAB-_-_-’___-______B
or B)
LN2 bath NA 8hr 1hr 1hr 1hr 1hr 1hr 1hr T1hr 1hr
9 duration
Typeofresr(AABAB-----‘-------_-_B
or B)
LN2 bath NA 8hr 1hr 1hr Thr 1hr Thr 1hr 1hr 1hr
10 duration
Typeoftest A|AIB|AIB| -[-1-7- -‘B- -l -] -1-1-1-T-1T-T8B
or B)

For example test 5SEB means the test B (24W) after 4" bath (1 hour long - column E) on specimen 5.
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9.1 SPECIMEN 1

9.1.1 SETUP

9.1.2 TEST 1AA

Water volume flow rate 100 cc/min
Electrical power — Voltage | 8.48 V
Electrical power — Current | 1.39 A

In Water Temperature 16.86°C
Out Water Temperature 18.46°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2224| 21.85| 2146| 21.65| 2165| 21.04| 21.49| 2096| 2058| 2056
Tube T [°C] 19.02| 20.31 19.80| 18.59| 18.32| 17.72] 19.03| 1950| 1866| 1816

9.1.3 TEST1AB

Water volume flow rate 180 cc/min
Electrical power - Voltage | 12.2V
Electrical power — Current | 2.01 A

In Water Temperature 17.41°C
Out Water Temperature 18.85°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 26.49| 2558| 2484| 2450| 24.44| 2343 2463| 24.01 23.49| 2296
Tube T [°C] 2092| 2281| 2196| 2069| 1926| 1847 21.11 21.65| 2030 19.72
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9.2 SPECIMEN 2

9.21 SETUP

9.2.2 TEST 2AA

Water volume flow rate 110 cc/min
Electrical power - Voltage | 8.5V
Electrical power — Current | 1.38 A

In Water Temperature 16.96°C
Out Water Temperature 18.62°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2111 21.09| 21.12| 21.27| 2085| 2024| 2047| 2021 19.80| 19.86
Tube T [°C] 20.00| 19.68| 19.78| 1855| 1866| 17.73| 19.05| 1861 18.20| 17.58

9.2.3 TEST 2AB

Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.4 V
Electrical power — Current | 2.01 A

In Water Temperature 16.96°C
Out Water Temperature 19.98°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2596| 2638| 26.78| 27.66| 27.28| 2584| 26.32| 2526| 2442 2501
Tube T [°C] 2336| 2307| 2358| 2095 21.18| 19.63| 2225| 2151 2030| 1825
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9.3 SPECIMEN 3

9.3.1 SETUP

9.3.2 TEST 3AA

Water volume flow rate 110 cc/min
Electrical power - Voltage | 8.5V
Electrical power — Current | 1.4 A

In Water Temperature 16.57°C
Out Water Temperature 18.20°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 21.22| 21.42| 21.11 20.98| 21.05| 19.90| 20.14| 20.18| 19.74| 19.89
Tube T [°C] 19.75| 19.54| 19.30| 18.34| 17.73| 1767| 1884| 1823| 1817| 1697

9.3.3 TEST 3AB

Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.4 V
Electrical power — Current | 2.01 A

In Water Temperature 17.18°C
Out Water Temperature 20.21°C
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T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2846| 2932 2802| 28.08| 2865| 2667| 27.13| 2689| 2598| 2637
Tube T [°C] 23.52| 2277| 2327| 21.71| 2017| 20.16| 2283| 21.18| 2152 18.97 |
9.3.4 TEST 3BA
Water volume flow rate 110 ce/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.39 A ]
In Water Temperature 18.90°C
Out Water Temperature 17.50°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2590| 2570| 2410 23.70| 23.90| 2330 2380| 2310| 2270| 23.80
Tube T [°C] 20.00] 20.50] 20.80| 19.50| 18.70| 18.70/ 1960 19.70| 1940| 1830
9.3.5 TEST 3BB
Water volume flow rate 110 ce/min
Electrical power - Voltage | 12.01V
Electrical power — Current | 2.0 A
In Water Temperature 16.70°C
Out Water Temperature 19.50°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 3310] 3280| 3000 2910 29.70| 28.70| 2960| 2820| 27.60| 30.00
Tube T [°C] 2200| 2320] 2350| 2110 1950| 19.80| 2150| 2160 2150 1910
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9.4 SPECIMEN 4

9.41 SETUP

9.4.2 TEST 4AA

Water volume flow rate 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.4 A

In Water Temperature 16.70°C
Qut Water Temperature 18.85°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2091] 2082 2114| 21.14| 2048| 2055| 2156| 2060 19.17| 1886
Tube T [°C] 1962 19.10| 1887 18.41 18.61| 17.82| 17.30| 17.90| 1552| 17.13

9.4.3 TEST4AB

Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.4 V
Electrical power — Current | 2.02 A

In Water Temperature 17.22°C
Out Water Temperature 20.29°C
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T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20 |
Plate T [°C] 24.87| 2508| 2591| 26.08| 2484| 2507| 27.32| 2534| 2262 2205
Tube T [°C] 2214| 21.28| 2121| 2040| 2218| 19.37| 1850| 19.81| 1978| 1847

9.44 TEST 4BA

Water volume flow rate 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.4 A

In Water Temperature 17.20°C
Out Water Temperature 18.60°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2240| 2230 2280| 23.00] 2300 2280| 2350| 2210| 21.00| 2040
Tube T [°C] 20.20| 20.60| 19.40| 19.60| 18.20| 18.00| 1870| 19.40| 1830! 1790

9.4.5 TEST 4BB

Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.4 V
Electrical power — Current | 2.03 A |

In Water Temperature 19.20°C
Out Water Temperature 16.30°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 26.40| 2640 2760| 2810| 2810| 27.80| 29.20| 2660| 2440| 2340
Tube T [°C] 22.00] 2320| 2080| 2150 18.80| 1840| 19.90| 21.20| 1920| 1840
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9.5 SPECIMENS5

9.5.1 SETUP

9.5.2 TEST 5AA

Water volume flow rate 130 cc/min
Electrical power — Voltage | 8.48 V
Electrical power — Current | 1.39 A

In Water Temperature 18.17 °C
Out Water Temperature 19.41 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 21.32| 2135 21.24| 20.76| 2053| 20.29| 2056| 2062| 2022 2000
Tube T [°C] 2047 2011| 2013| 1965| 19.73 ‘| 1962| 19.38| 1898| 1835

9.5.3 TEST 5AB

Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.1V
Electrical power — Current | 1.99 A

In Water Temperature 17.86 °C
Out Water Temperature 20.60 °C

’ thermocouple failure. No temperature available for this test
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T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2488| 2498| 2472| 2381 2348| 2307| 2364| 23.77| 2311| 2262
Tube T [°C] 23.12| 2239 2251 2152 2182 *| 21.73| 21.35| 2053| 19.18
9.5.4 TEST 5BA
Water volume flow rate 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.4 A
In Water Temperature 17.20 °C
Out Water Temperature 18.70 °C
B T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 21.20] 21.00] 2090| 2050 20.10| 1990| 2020| 2010| 19.90| 19.70
Tube T [°C] 20.20| 19.60| 1950/ 19.00| 18.80| 18.00| 19.00| 1860| 1830| 1750
9.5.5 TEST 5BB
Water volume flow rate 120 cc/min
Electrical power — Voltage | 12.4 V B
Electrical power — Current | 2.03 A
In Water Temperature 17.51 °C
Out Water Temperature 20.12°C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2549| 2547| 2527| 2455| 2400| 2357| 2413| 2402| 2372| 2331
Tube T [°C] 23.63| 2268 2266| 2160| 21.41 10.80| 21.78| 2112| 2054| 1887
9.5.6 TEST 5CA
Water volume flow rate 130 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.4A
In Water Temperature 19.12 °C
Out Water Temperature 20.29 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2295 2283 [2249 |[2216 | 2164 |2151 |2188 |2190 | 21.74 | 2158
Tube T [°C] 2155 | 2116 [21.06 |2029 | 2017 |1967 |2067 | 2035 | 1993 | 1936
9.5.7 TEST5CB
| Water volume flow rate | 110 cc/min |
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Electrical power — Voltage | 12.4 V
Electrical power — Current | 1.97 A
In Water Temperature 19.07 °C
Out Water Temperature 21.83°C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 T15-16 | T17-18 | T19-20
Plate T [°C] 27.08 | 2716 | 26.55 | 2593 | 2503 |2485 |2556 | 2560 | 2527 | 25.00
Tube T [°C] 2441 | 2380 |2364 |2221 | 2222 |21.09 |2309 |2255 | 2171 | 2053
9.5.8 TEST 5EB
Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.0V
Electrical power — Current | 1.97 A
In Water Temperature 17.90 °C
Out Water Temperature 20.80 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 T15-16 | T17-18 | T19-20
Plate T [°C] 2520 | 2570| 2540 | 2480| 2460| 24.80| 2440| 2400| 2340| 2310
Tube T [°C] 22.90 22.20 22.40 21.60 21.30 21.30 21.90 21.50 20.10 18.70
9.59 TESTS5JB
Water volume flow rate 120 cc/min
Electrical power — Voltage | 12.4 V
Electrical power — Current | 2.03 A |
In Water Temperature 18.80 °C
Out Water Temperature 20.90 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 T15-16 | T17-18 | T19-20
Plate T [°C] 25670 | 2610 | 2590 |2520 | 2510 | 2510 | 2460 |2450 | 2410 | 23.80
Tube T [°C] 2330 |2260 |[2300 [2220 [2200 |[21.70 [2210 |2160 | 2080 | 1930
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SPECIMEN 6

9.5.10 SETUP

9.5.11 TEST 6AA

Water volume flow rate

100 cc/min

Electrical power — Voltage

85V

Electrical power - Current

1.39 A

In Water Temperature

1202756

Out Water Temperature

19.52 °C

T01-02 | T03-04

T05-06 | T07-08 | T09-10

T11-12

T13-14

T15-16

T17-18

T19-20

Plate T [°C] 21.23

21.01

20.98| 20.57 20.71

20.44

20.38

20.13

19.81

19.34

Tube T [°C] 20.50

20.15

19.93 19.48 18.75

18.85

19.23

18.88

18.59

18.15

9.5.12 TEST 6AB

Water volume flow rate

110 ce/min

Electrical power - Voltage

121V

Electrical power — Current

1.98 A

In Water Temperature

17.84

°C

21.06

Out Water Temperature

°C
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T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2478| 2476| 2477| 24.08| 2447| 2399| 2389 2337| 2275 2184
Tube T [°C] 2341] 2296| 2266| 2194 2055| 20.81| 2151 2092| 20.32| 19.41|
9.5.13 TEST 6BA
Water volume flow rate | 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.35 A
In Water Temperature 17.24°C
Out Water Temperature 18.61 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2240| 2230| 2280| 23.00| 23.00| 2280| 2350| 2210 21.00| 2040
Tube T [°C] 2020| 2060| 19.40| 1960| 1820| 18.00| 1870| 1940 1830| 17.90
9.5.14 TEST 6BB
Water volume flow rate 110 cc/min
Electrical power — Voltage | 12V
Electrical power — Current | 1.95 A
In Water Temperature 1712 °C
Out Water Temperature 20.37 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2433| 2448| 24.81| 2466| 2468| 2495| 2437| 2407| 2282 2158
Tube T [°C] 2289| 2284| 2230 2196| 2065| 21.57| 21.19| 21.38| 20.15| 1896
9.5.15 TEST 6CA
Water volume flow rate 110 cc/min |
Electrical power — Voltage | 85V
Electrical power — Current | 1.35 A
In Water Temperature 18.12°C
Out Water Temperature 19.77 °C
B T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2206 | 2203 | 2196 [21.76 [2191 |2188 |2151 |2132 | 2077 | 2047
| Tube T [°C] 2120 | 2139 | 2053 |[1994 |1935 | 1976 |19.85 | 1941 | 1941 | 1887

9.5.16 TEST 6CB

-
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Water volume flow rate 110 cc/min
Electrical power - Voltage | 12V
Electrical power — Current | 1.93 A
In Water Temperature 18.32 °C
Out Water Temperature 21.57 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2567 | 2595 |2593 | 2566 |2610 | 2616 | 2545 | 2513 | 2417 | 2352
Tube T [°C] 2412 | 2470 | 2321 | 2227 [2120 | 2208 |2229 |21.47 | 2145 | 2050
9.5.17 TEST 6EB
Water volume flow rate 120 cc/min
Electrical power — Voltage | 11.6 V
Electrical power — Current | 1.81 A
In Water Temperature 18.10 °C
Out Water Temperature 20.20 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2420 | 2440| 2460| 2420| 2460| 2470| 2410| 23.70| 23.00| 22.00
Tube T [°C] 2250 | 2280| 2230| 21.30| 20.80| 21.00| 2160| 2070| =20.10| 18.90
9.5.18 TEST 6JB
Water volume flow rate 110 cc/min
Electrical power — Voltage | 11.8 V
Electrical power — Current | 1.86 A
In Water Temperature 19.00 °C
Out Water Temperature 21.60 °C
T01-02 | T03-04 | T05-06 | TO7-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2560 | 2590 |26.00 [2590 |2610 | 2620 | 2540 | 2480 | 2440 | 2360
Tube T [°C] 23.70 | 2410 [ 2350 | 2310 | 2210 |[2250 |2260 |2200 |2120 | 2010
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9.6 SPECIMEN 7
9.6.1 SETUP
No picture available
9.6.2 TEST 7AA
Water volume flow rate 80 cc/min
Electrical power — Voltage | 8.6 V
Electrical power — Current | 1.41 A
In Water Temperature 21.25°C
Out Water Temperature 18.94 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 T15-16 | T17-18 | T19-20
Plate T [°C] 2293| 2262 2243| 2200 2160| 21.40| 21.78| 2165| 2126| 2064
Tube T [°C] 2225| 21.89| 2141| 20.74| 20.56| 19.84| 20.86| 2050| 2010| 1935
9.6.3 TEST 7AB
Water volume flow rate 105 cc/min
Electrical power — Voltage | 12.1V
Electrical power — Current | 1.99 A
In Water Temperature 21.13°C
Out Water Temperature 17.58 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 T17-18 | T19-20
Plate T [°C] 24.74| 2446 2426| 23.65| 2292| 2263| 2346| 2328| 2251 2147
Tube T [°C] 2341] 2293| 2210 2114| 20.71| 1969| 2155 21.01| 2035| 1899
9.6.4 TEST 7BA
Water volume flow rate cc/min |
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.3 A
In Water Temperature 21.1°¢
Out Water Temperature 19.40 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 T17-18 | T19-20
Plate T [°C] 23.00 | 2270 |2260 |2240 |2200 |2200 |2200 |2180 |2150 | 2110
Tube T [°C] 2230 [2210 | 2160 |21.20 |2080 |2090 |2090 |2060 | 2030 | 1980
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9.6.5 TEST 7BB

Water volume flow rate 110 cc/min

Electrical power — Voltage | 12V

Electrical power — Current | 1.95 A
In Water Temperature 18.89 °C
Out Water Temperature 2217 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2541 | 2545 | 2541 | 2503 | 2453 | 2465 |2467 |2420 | 2376 | 2303
Tube T [°C] 2419 | 2415 |2361 | 2294 |[2220 |2261 |2256 |2190 | 2146 | 2062
9.6.6 TEST7JB

Water volume flow rate 110 ce/min

Electrical power — Voltage | 11.9V

Electrical power — Current | 1.87 A |

In Water Temperature 19.30 °C

Out Water Temperature 21.80 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20

Plate T [°C] 2620 |2630 |2650 | 2610 |2590 |2560 | 2570 | 2500 | 2440 | 2350
Tube T [°C] 2490 | 2480 |2440 |2370 |2330 |2370 |2360 |2300 | 2200 |2110

All information contained in this document are property of CARLO GAVAZZI SPACE SpA. All right reserved.
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9.7 SPECIMEN 8
9.7.1 SETUP
No picture available
9.7.2 TEST 8AA
Water volume flow rate 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.38 A
In Water Temperature 19.16 °C
Out Water Temperature 17.42 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 T19-20—|
Plate T [°C] 2095| 2064| 2047| 20.02| 19.62| 19.33| 1986| 19.71 1941 1894
Tube T [°C] 20.21 19.88| 19.40| 18.94| 1853| 17.88| 18.78| 1865| 1822| 1773
9.7.3 TEST 8AB
Water volume flow rate 105 cc/min
Electrical power — Voltage | 12.2V
Electrical power — Current | 1.99 A
In Water Temperature 20.61°C
Out Water Temperature 17.36 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2453| 2433| 2409| 2333| 2260| 22.13| 2320| 2297| 2246| 2136
Tube T [°C] 2306 2258| 21.89| 21.13| 2049| 19.18| 21.07| 2083| 1993 1894
9.7.4 TEST 8BA
Water volume flow rate cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.3 A
In Water Temperature 17.80 °C
Out Water Temperature 18.94 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 T19-20
Plate T [°C] 2098 | 2084 | 2069 |2035 | 19.91 19.65 [ 19.75 | 1986 | 1956 | 19.12
Tube T [°C] 2035 |2012 [19.86 | 1915 | 1881 |[1832 | 1906 | 1949 | 1853 | 1811

9.7.5 TEST 8BB
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Water volume flow rate cc/min ]

Electrical power — Voltage | 12.1V
Electrical power — Current | 1.9 A

In Water Temperature 17.57 °C
Out Water Temperature 19.87 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20

Plate T [°C] 23.83 | 23.91 2376 | 2328 | 2262 |2222 |2279 |2274 | 2217 | 2117
Tube T [°C] 2259 | 2237 |2207 |2085 |2054 | 1916 | 21.51 21.88 | 1999 | 19.06

9.7.6 TEST 8JB

Water volume flow rate | cc/min ‘
Electrical power — Voltage | 12.0 V
Electrical power — Current | 1.85 A ]

In Water Temperature 19.50 °C
Qut Water Temperature 22.90 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2620 |2620 |2620 |2580 [2550 |2530 |2510 |2490 | 2430 | 2330
Tube T [°C] 2490 [2470 [2430 |2380 |2310 |2250 |2320 |2240 |2170 | 2090
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9.8 SPECIMEN 9

9.8.1 SETUP

9.8.2 TEST 9AA

Water volume flow rate 110 cc/min
Electrical power - Voltage | 8.5V
Electrical power — Current | 1.38 A

In Water Temperature 17.91°C
Out Water Temperature 19.75 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 21.38] 2115 20.99| 2053| 20.39| 20.09| 2035| 2033| 19.85| 1968
Tube T [°C] 20.65| 2051| 20.02| 1957| 19.31 18.86| 19.29| 19.25| 1867| 18.11

9.8.3 TEST9AB

Water volume flow rate 110 cc/min
Electrical power — Voltage | 12.2V
Electrical power — Current | 1.99 A

In Water Temperature 16.69 °C
Out Water Temperature 19.95°C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2322| 2318| 23.06| 2233| 2231 21.76| 22.30| 22.39| 2144 2115
Tube T [°C] 21.85| 21.84| 2116| 2050| 20.21 19.40| 20.28| 2024| 19.00| 17.94
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9.8.4 TEST 9BA
Water volume flow rate 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.3 A
In Water Temperature 16.32 °C
Out Water Temperature 17.96 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 19.89 | 19.64 | 1957 [19.23 | 1910 |18.77 | 1885 | 1892 | 1869 | 1872
Tube T [°C] 1920 | 1882 | 1854 | 17.88 |17.82 |17.03 |17.73 | 1745 | 17.10 | 16.40
9.8.5 TEST 9BB
Water volume flow rate 110 cc/min |
Electrical power — Voltage | 12 V
Electrical power — Current | 1.95 A
‘| In Water Temperature 16.99 °C
Out Water Temperature 19.93 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2342 | 2324 |2323 |2270 |2256 |2203 |2222 |2235 | 2202 | 2211
Tube T [°C] 2207 | 2154 |2115 |19.98 | 20.04 | 1854 |19.98 | 19.46 | 1880 | 17.46
9.8.6 TEST9JB
Water volume flow rate 110 cc/min
Electrical power — Voltage | 11.7 V
Electrical power — Current | 1.86 A
In Water Temperature 19.00 °C
Out Water Temperature 21.50 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2540 | 2540 | 2550 |2490 | 2480 |2470 | 2470 |2480 | 2450 | 24.00
| Tube T [°C] 2370 | 2360 |[2290 |2200 |2210 |2190 |2210 |2210 | 2120 | 1990
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9.9 SPECIMEN 10

9.9.1 SETUP

9.9.2 TEST 10AA

Water volume flow rate 90 cc/min
Electrical power - Voltage | 8.5V
Electrical power — Current | 1.34 A

In Water Temperature 16.55 °C
Qut Water Temperature 18.66 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 19.89| 19.83| 1978| 19.62| 19.04| 19.38| 1927| 19.00| 1866| 1816
Tube T [°C] 19.25| 19.11 18.63| 17.66| 17.77| 17.86| 1812| 17.76| 17.24| 16.90

9.9.3 TEST 10AB

Water volume flow rate 100 cc/min
Electrical power — Voltage | 12.1 V
Electrical power — Current | 1.95 A

In Water Temperature 16.20 °C
Out Water Temperature 19.70 °C

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2260| 2250| 2260| 2250| 21.40| 2240| 2210 21.60| 21.00| 2000
Tube T [°C] 21.30] 21.10| 20.10| 18.70| 18.70] 19.20| 19.90| 19.20| 18.20| 17.50
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9.9.4 TEST 10BA
Water volume flow rate 110 cc/min
Electrical power — Voltage | 8.5V
Electrical power — Current | 1.3 A
In Water Temperature 16.70 °C
Out Water Temperature 18.26 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2018 | 1989 | 1995 |19.87 |19.83 | 1969 |1946 |1927 | 1890 | 1831
Tube T [°C] 1944 | 1922 | 1876 | 1829 [17.98 [17.71 |1812 [1785 | 17.44 | 17.00 |
9.9.5 TEST 10BB
| Water volume flow rate 110 cc/min
Electrical power — Voltage | 12 V
Electrical power — Current | 1.95 A
In Water Temperature 16.99 °C
Out Water Temperature 19.93 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2349 | 2337 |2356 |2363 |2370 |2346 |2300 |2268 | 2197 | 2089
Tube T [°C] 2214 21.95 21.27 20.63 20.04 19.56 20.49 19.94 19.14 18.26
9.9.6 TEST 10EB
Water volume flow rate 90 cc/min
Electrical power — Voltage | 11.7V
| Electrical power — Current | 1.81 A
In Water Temperature 18.60 °C
Out Water Temperature 21.70 °C
T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2520 | 2520 | 2550 | 2540 | 2540 | 2500 |24.80 | 2480 | 2340 | 2230
Tube T [°C] 23.80 | 2390 |2320 |2230 |2190 |2150 |2270 |21.70 | 2060 | 19.80
9.9.7 TEST10JB
Water volume flow rate 110 cc/min
Electrical power — Voltage | 11.70 V
Electrical power — Current | 1.86 A
In Water Temperature 19.00 °C
Out Water Temperature 21.50 °C

Questo documento contiene informazioni di proprieta di CARLO GAVAZZ| SPACE SpA. Tutti i diritti sono riservati.
All information contained in this document are property of CARLO GAVAZZ! SPACE SpA. All right reserved.

]




- N Do AMSTCS-RP-CGS-004
AMS02 - TCS

Data:
v e 1 Date. 16-05-2008

THERMAL BEHAVIOUR OF GLUING BETWEEN ZENITH | pagina di
CARLO GAVAZZI SPACE SpA [ RADIATOR SKINS AND INTERNAL CONDENSER TUBES TEST | paoe 41 of
REPORT

54

T01-02 | T03-04 | T05-06 | T07-08 | T09-10 | T11-12 | T13-14 | T15-16 | T17-18 | T19-20
Plate T [°C] 2470 | 2490 | 2490 |24.90 | 2510 | 2500 | 2440 |2420 | 2354 | 2230
Tube T [°C] 2320 | 2300 |2250 |2140 |21.20 [21.00 |21.80 |2130 | 2030 | 1940
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10. TEST RESULTS

In this section the test results are summarized.
The following table presents the measured contact conductance per unit length for each specimen, before the liquid

nitrogen bath.

Tab. 10-1 Before cooling results

# Specimen TESTA - 12W TESTB- 24W
K, AK, Ky AK,
[W/K/m]|  [W/Kim] [W/K/m] | [W/K/m]
Specimen 1 7.61 0.38 8.08 0.22
Specimen 2 10.64 0.53 7.51 0.38
Specimen 3 8.07 0.45 6.51 0.30
Specimen 4 8.03 0.5 8.54 0.39
Specimen 5 16.55 0.64 15.13 0.69
Specimen 6 17.30 0.87 16.98 0.77
Specimen 7 19.88 1.24 19.20 0.96
Specimen 8 19.80 0.94 18.98 0.86
Specimen 9 20.44 1.02 20.10 0.91
Specimen 10 17.90 0.99 16.41 0.82

As shown in the table, specimen from 5 to 10 have a better thermal conductance per unit length (more than double)
than the first 4 specimen. The modification to the gluing process allows a significant performance improvement.

AKq is the uncertainty due to the flow meter reading, that has a resolution of 10cc/min. an uncertainty of £5cc/min has
been assumed to calculate AK,

Thermocouples accuracy has been tested during the tests, measuring with each couple of thermocouples the
temperature of some water in a glass at room temperature. No significant reading difference for each couple of
sensors has been measured (AT<0.1°C). The following graph shows the measured temperature.
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Otherwise a significant temperature drift has been observed, but this do not affect thermal conductance measurement
(based on the difference between each pair of near thermocouples). This drift is probably due to the temperature of the
so called “reference junction”, not constant inside the data-logger.

After the cooling of the specimen in liquid nitrogen no visible gluing failure has been observed. The figure below shows
a gluing detail, before and after the nitrogen bath. No visible difference can be observed.

e s s

Fig. 8 — Specimen 6 detail before (left) and after (right) liquid nitrogen bath

Note that specimen from number 7 to 10 has been bathed only for about 1 hour, in order to analyze difference of
performance degradation due to different “cooling history”. The temperature profile for this cooling is shown in the

following figure. In about 10 minutes the temperature falls from ambient temperature to about -193°C (close to LN2
evaporation temperature).
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Cooling temperature profile specimens 7-10
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Fig 10-1 — Specimen 7-10 2" cooling temperature profile - 1 hour cooling

The thermal conductance test has been repeated after the bathing only for the specimen that did not present evident
debonding. For this reason specimens 1 and 2 have not been tested.

Tab. 10-2 After cooling results

# Specimen TESTA - 12W TESTB - 24W
Ky AK, K, AK,| Cooling
WIKim]|  [W/K/m] W/Kim]| [W/K/m]| duration
Specimen 1 | debonded - - - -
Specimen 2 | debonded - - - -
Specimen 3 4.36 0.18 4.54 0.19 8hr
Specimen 4 5.43 0.25 5.74 0.26 8hr
Specimen 5 12.79 0.58 12.41 0.52 8hr
Specimen 6 12.76 0.58 14.07 0.70 8hr
Specimen 7 18.65 0.93 19.22 0.96 1hr
Specimen 8 17.73 0.74 17.41 0.73 1hr
Specimen 9 17.09 0.78 16.79 0.76 1hr
Specimen 10 14.74 0.67 14.30 0.65 1hr

A performance degradation after the deep cooling in nitrogen has been measured. The table below shows a
comparison between the measured thermal conductance per unit length before and after the cooling. In order to
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compare performance before and after thermal cooling, the mean resulting values from test A and test B for each
specimen, before and after cooling, have been faced up.

A mean degradation of 20% for specimens 5 and 6 (improved gluing procedure — 8 hours cooling) has been observed:;
A minor mean degradation (but very variable) has been observed instead for specimens from 7 to 10 (improved gluing
— 1 hour cooling). Higher degradation has been measured in specimen 4 and 3 (not optimized gluing procedure — 8
hours cooling).

Tab. 10-3 Test results

specimen 3 avg avg  Difference
TestA 8.07  W/K/m 7.29 TestA after LN2 bath 4.36  W/K/m 4.45 -39%
TestB 6.51 W/K/m TestB after LN2 bath 4.54 W/K/m

specimen 4 Difference
TestA 8.03 W/K/m 8.29 TestA after LN2 bath 543  W/K/m 5.59 -33%
TestB 8.54 W/K/m TestB after LN2 bath 574 W/K/m

specimen 5 Difference
TestA 16.55 W/K/m 15.84 TestA after LN2 bath 12.79  W/K/m 12.60 -20%
TestB 16.13 W/K/m TestB after LN2 bath 12.41 W/K/m

specimen 6 Difference
TestA 17.3  W/K/m 17.14 TestA after LN2 bath 12.76  W/K/m 13.42 -22%
TestB 16.98 W/K/m TestB after LN2 bath 14.07 W/K/m

specimen 7 Difference
TestA 19.88 W/K/m 19.54 TestA after LN2 bath 18.65 W/K/m 18.93 -3%
TestB 19.20 W/K/m TestB after LN2 bath 19.22  W/K/m

specimen 8 Difference
TestA 19.80 W/K/m 19.39 TestA after LN2 bath 17.73  W/K/m 17.57 -9%
TestB 18.98 W/K/m TestB after LN2 bath 17.41  W/K/m

specimen 9 Difference
TestA 20.44 W/K/m 20.27 TestA after LN2 bath 17.09 W/K/m 16.94 -16%
TestB 20.10 W/K/m TestB after LN2 bath 16.79  W/K/m

specimen 10 Difference
TestA 1591 W/K/m 16.16 TestB after LN2 bath 14.74 W/K/m 14.52 -10%
TestB 16.41 W/K/m TestB after LN2 bath 14.30 W/K/m

The degradation is probably due to the different coefficient of thermal expansion of aluminium and of the used glue
(Masterbond EP21TDC-2LO has a CTE of 90/100 in/fin x10E-6°C aluminium 24 m/m x 10E-6°C). During the bath
probably some non visible micro-debonding occurred, decreasing the contact thermal performance.

It's not completely understood if the duration of the exposure has a decisive impact on performance decreasing.
Performance degradations are too scattered to definitely show a correspondence between the two variables.

Since this decreasing of performance has been noticed, in order to verify the behaviour of gluing after repeated
exposure to cryogenic environment (as should happen during AMS-02 zenith radiator operative life), further liquid
nitrogen bathes have been performed (each 1 hour long, except for 2™ bath on specimen 5 and 6, 8 hours long) on
specimen number from 5 to 10 in order to make all the specimens to be thermally shocked 9 times (number of possible
cooling down events due to ISS power outage).

The conductance measurement has not performed after each bath, in particular:
» Specimen 5 and 6 have been tested after 1%, 2™ 4" and 9" bath:
» Specimen 10 has been tested after 1%, 4" and 9" bath:
» Specimen 7, 8 and 9 have been tested only after 1¥' and 9" bath.
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Since in the previous tests almost the same results were recorded for TESTA and TEST2, only TEST2 (24W applied
power) was performed on specimens after 4" and 9" bath.

As shown in the table below further degradations have been observed, but also after 9 bath in liquid nitrogen all the
specimen have a conductance far above the minimum required value (5W/Km). For these test only the final value of
conductance is shown (all test data such as temperatures and flow measurement are omitted)

Tab 10-1 - After different cooling history results

before after 1st after 2nd after 4th after 9th

cooling cooling cooling cooling cooling
specimen 5 [W/K/m] 15.84 12.60 10.73 11.78 9.3
specimen 6 [W/K/m] 17.14 13.42 12.20 10.66 11.47
specimen 7 [W/K/m] 19.54 18.93 NM’ NM* 14.4
specimen 8 [W/K/m] 19.39 17.57 NM* NM* 16.7
specimen 9 [W/K/m] 20.27 16.94 NM* NM* 12.82
specimen 10 [W/K/m] 16.16 14.52 NM* 12.67 121

The following graph summarize all the presented results; the red line represent the lower limit for thermal conductance.
The uncertainty due to the flow-meter reading AKj is also shown.

Gluing conductance
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Fig 10-2 — Final results

" not measured
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The strange behavior of conductance after 4™ and 9" bath for specimen 5 and 6 is probably due to test uncertainty
(especially flow meter reading).

The following graph also shows how the conductivity decrease with the increasing of the LN2 bath number.

Thermal conductance vs Number of bath
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11. CONCLUSIONS

Gluing procedure has a great impact not only on the bonding strength, but also on the thermal performance of the joint.

Gluing procedure used for the first 4 specimens, can not be considered a valid option for the gluing of the radiator FM:
they have low thermal performance and after exposure at a cryogenic environment the performance fall near to the
limit of SW/K per unit length, that is considered the lowest limit for the radiator to work properly.

Instead gluing procedure used for the second set of 6 specimen instead permits better performance, not only in terms
of mechanical strength (even if no mechanical tests have been performed, no debonding or visible failure have been
observed) but also from a thermal point of view: the thermal conductance for unit length is far above the lower limit of
SW/K/m, also after a degradation due to several exposures at cryogenic environment.

After 9 repeated immersion in liquid nitrogen, thermal conductivity is — for specimens with improved gluing process -
still higher than SW/K/m that is consider to be the lower limit for AMS-02 zenith radiator application.

Gluing application is manual process and can give non repeatable results due to workmanship uncertainty. Some
specimens show higher initial performance than others, and the same has been noticed for degradation. Anyway all the
specimens tested have performance high above the minimum requirement.
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Handling mechanical loads (due for example to transport or test set-up preparation), can also be a cause of the
thermal performance degradation. Specimen 5 and 6 that have been tested — and therefore manipulated - 5 different
times, show final performance that are lower than less tested specimens that have the same number of cooling cycles.

Using the modified gluing procedure, this technology assure good thermal conductance, as well as suitable mechanical
properties for the application in AMS-02 zenith radiator.
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ANNEX A — GLUING PROCESS PROCEDURE

This annex contain the procedure (approved by CGS) used during the pretreatment/gluing/curing process at
Politecnico di Milano.

1. Tubes and plates production:
1.1. - Tubes modelling on a wood shape, realized as CGS sketch 30-AMS02TCS-000.00.01;
1.2. - Aluminium Plate drilling to place the needed fixing tools and electrical resistances. Holes realized as
attached CGS sketch.
2. Tubes and plates surface treatment, specimen 1:
2.1. - Cleaning and Degreasing by acetone:;
2.2. - Plates sandblasting;
2.3. - Tubes surface treatment by sandpaper, to increase surface roughness; take special care to not deform the
tubes.
2.4. - Cleaning by acetone.
3. Glue mixing and application, specimen 1:
3.1. - Catalyser and resin mixing in a clean can, with a 1/3 weight ratio;
3.2. - If air bubbles are observed, put the glue in vacuum for some minutes:
3.3. - Application of a 0.2mm layer to both surface (tubes and plates) with a spatula.
4. Curing, specimen 1:
4.1 - Tubes and plates joining by means of the provided fixing tools:
4.2 - Vacuum bag realization on the joined parts to ensure a uniform contact between surfaces;
4.3 - Vacuum maintaining in bag for 2-3 days at room temperature (20°C), or 3-4 hours at 65°C.
5. Other specimens:

5.1 - Repeat from 2.1 to 4.3 for all specimens.

New procedure changes (see RD1 for details)

2.2 - visual control of plate planarity before and after the sandblasting process.
2.3 - tubes sandblasting;
3.3 — application of a 0.5mm thick x 10mm ca width layer of glue on the plate, with a shaped spatula.
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ANNEX B — MASTERBOND EP21TDC-2LO DATASHEET

Technical Data Sheet
MASTER BOND POLYMER SYSTEM EP21TDC-2LO

Two Component, Low Outgassing Epoxy Resin Compound Featuring Flexibility and Thermal
Conductivity For High Performance Bonding, Sealing, Coating, And Encapsulation.
Cryogenically Servicable

Product Description

Master Bond Polymer System EP21TDC-2LO is a low outgassing two component highly fiexible,
thermally conductive Epoxy resin compound for high performance bonding sealing, coating, and
encapsulation. It is formulated to cure fully at ambient temperature or more quickly at elevated

EP21TDC-2LO is suitable for potting and encapsulating thick as weli as thin sectioned configurations.
This epoxy resin compound exhibits superior tensile shear and peg| strength for bonding and sealing
applications. it adheres well to many different substrates including metals, glass, ceramics, rubber and
plastics. The hardened composition is an excellent electrical insulator with outstanding resistance to
chemicals including water, acids, bases and salts. The service temperature range is from 4°K to 250°F
making it suitabie for many cryogenic applications. Master Bond EP21TDC-2L0 is widely used in the
electronic, electrical, optical, fiberoptic, aerospace and other industries where low outgassing, flexibility,
and thermal conductivity are desirable. : !

Product Advantages : .
* Convenient mixing: non critical one 1o ree weight ratio
* Easy application: product spreads evenly and smoothly
* Versatile cure schedules: ambient temperature cures or fast elevated temperature cures as
required o o A
High peel strength and elongation, excellent thermal shock and chemical resistance
Superior bonding properties on similar and dissimilar substrates, superb impact resistance
Excellent durability, high thermal conductivity combined with good electrical insulation properties,
100% reactive, no solvents, dilutes or volatiles emitted during cure or in service
Cryogenically servicable; temperature Tange 4°K-250°F, '
Meets NASA low outgassing sepcifications... .- ...

Product Properties

* Mixing ratio, weight or volume, PAME AL B oo cssssssessssisoareesssmsssseoes st e 1413
e Viscosity of mixed BUNCSNE, T5°F, CPS oot paste
* Working life after mixing, 75°F, 100 M MASS, MNULES ........ooos st icsss e memmmmes e >890
e Cure schedule ambient 1MPErAtUres, 75°F IS ......c.coovreeerr 48-72 hours
* Cure schedule ambient temperatures, 150°F hrs . bt e e 3-4 hours
* Tensile strength, psi, 75°F Pl T e e B 4 s e S 1070
M o e >50
¢ Tensile shear strength, aluminum/aluminum, [ ] - >980
* T-peel strength, 75°F S ———— e e e e >15
S o B0 D o st 25-30
* Water vapor P LY, GBI POUIE oot e <0.5
* Moisture vapor AraNSMISSION, G4 NOUIS ..o <0.£
* Volume resistivity, 75°F ohm el T —— FEE At ens e S SR Y b s et e >10
e Thermal Sty Ut berle s e 9
. aaermal expansion coeficient infn x10%eC ... T 90-100
 Service temperature range, .......... R TR R e 4K to 250°F
* Shelf Life, unopened containers @RT75°F ..o — T 6 months

-
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Preparation of Compound for Casting or Bonding

Master Bond Polymer System EP21TDC-2LO is prepared for use by thoroughly mixing part A with
part B in a one-to-three mix ratio by weight. Mixing should be done siowly to avoid entrapping air, stir untif
uniform. The working life of a 100 gm batch is in the order of 90 minutes. It can be substantially
lengthened by using shallower mixing vessels or mixing smaller size batches. For bonding and sealing
uses, matching surfaces should be carefully cleaned, degreased and dried to maximize bond strength.
When bonding o metal surfaces, chemical etching should be empioyed when the bonded joints are to
exhibit optimal environmental durability. Non-porous surfaces should be roughened with sandpaper or
emery paper and solvent cleaned using acetone or xylene.

Compound Application and Assembly

Master Bond Polymer System EP21TDC-2LO can be conveniently cast or applied with a spatula,
knife, trowel, etc. When bonding, enough (mixed) adhesive should be applied to obtain a final adhesive
bond line thickness of 4-6 mils. This can be accomplished by coating each surface with an adhesive film
of 2-3 mils thick. Porous surfaces may require somewhat more adhesive to fill the voids than non-porous
cnes. Thicker glue lines do not increase the strength of a joint but do not necessarily give inferior results
as the EP21TDC-2LO compound does not contain any volatiles. The parts to be bonded should then be
pressed together with just enough pressure to obtain and maintain intimate contact during cure.

Cure

Master Bond Polymer System EP21TDC-2LO can be cured at room temperature or at elevated
temperatures as desired. At room temperature Master Bond Polymer System EP21TDC-2LO will cure in
2-3 days. Faster Cures can be realized at elevated temperatures, e.g. 3-4 hours at 150°F. Remove
excess material promptly with a spatula before it hardens. Then wipe with rag and solvent such as
isopropyl alcohol, toluene or acetone. Thinner sections of epoxy take longer to cure than thicker ones.

Handling and Storage RV =

All epoxy resins should be used with.good ventifatioh and skin contact should be minimized. The
EP21TDC-2LO compound employs a low toxicity hardener. To remove resin or hardener from skin, use
solvent, then wash with mild soap and water. . If material enters the eyes, flood with water and consult a
physician. Optimum storage is at or below 75°F in closed containers. No special storage conditions are
necessary. Containers should however be kept closed when riot in use to avoid contamination. Cleanup
of spills and equipment can be achieved ‘using acetone or xylens employing proper precautions of
ventilation and flammability. : :

Master Bond Inc.
Adhesives, Sealants & Coatings + 154 Hobart Street » Hackensack, N.J. 07601-3922 - Tel 201-343-8983
Internet Address: http:/Awww.masterbond.com

Notice: Master Bond believes the information on the data sheets are reliable and accurate as Is technical advise provided by the
company. Master Bond makes no warranties {expressly or implied) regarding the accuracy of the informatlon, and assumes no liability
regarding the handling and usage of this product. D027
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ANNEX C - THERMOCOUPLES AND ELECTRIC RESISTANCES POSITION

Approximate position of thermocouples and electric resistance.

Item X position Y position | Note
[mm] [mm]
T01-02 50 160 T01 on the plate and T02 on the tube
T03-04 100 160 T03 on the plate and T04 on the tube
T05-06 150 160 TO05 on the plate and T06 on the tube
T07-08 200 160 TO7 on the plate and T08 on the tube
T09-10 250 160 T09 on the plate and T10 on the tube
T11-12 270 110 T11 on the plate and T12 on the tube
T13-14 220 75 T13 on the plate and T14 on the tube
T15-16 170 65 T15 on the plate and T16 on the tube
T17-18 120 55 T17 on the plate and T18 on the tube
T19-20 70 45 T19 on the plate and T20 on the tube
T21 N.A. N.A. At tube INLET, in water flow
T22 N.A. N.A. At tube OUTLET, in water flow
RO1 Use the holes on the plates — on upper surface
R02 Use the holes on the plates — on upper surface
R0O3 Use the holes on the plates — on upper surface
R04 Use the holes on the plates — on upper surface
R05 Use the holes on the plates — on upper surface
R06 Use the holes on the plates — on upper surface
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Fig. 9 - Reference system used for positions
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